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CHRONIC HEART DISEASE INDUCES remodeling of cardiac tissues and the elements of the cardiac nervous system that control it (2, 20) . Much of this remodeling is due to alterations in the balance of autonomic and humoral factors that result from overstimulation of sympathetic efferent pathways (32) and the renin-angiotensin system (RAS), both local and systemic (25, 30) , with a corresponding decrease in central parasympathetic drive (31) . Increased sympathetic activity evokes elevated levels of norepinephrine (NE) release within the heart (7). An increase in the synthesis of ANG II from both enhanced renin release and increased protease activity within the heart interstitial tissues contributes to the hyperdynamic sympathetic response (6, 21, 24) . Inhibition of adrenergic receptors (e.g., ␤-blockade) or treatment with drugs that target ANG II synthesis (ACE inhibitors) or receptor activation (AT 1 inhibitors) has been demonstrated to alter adverse remodeling of the cardiac muscle (30) .
ANG II has multiple receptor targets that include both AT 1 and AT 2 receptors. Overstimulation of AT 1 receptors has been associated with many of the negative symptoms associated with chronic heart disease (10, 26) , while stimulation of AT 2 receptors can counteract many of these actions (17) . Previous research suggests that it is the balance of AT 1 vs. AT 2 stimulation that is crucial in determining the outcome in chronic heart disease (16, 23) . The present study was designed to investigate the role of altered angiotensin levels following a chronic ischemic event on intrinsic cardiac (IC) neuronal function, with particular focus on differential effects of AT 1 vs AT 2 receptors.
Previous studies in our laboratory have shown that chronic myocardial infarction (MI) induces remodeling of the neurons located within the IC neural plexus of the guinea pig (13) . This cardiac plexus is a primary integration site for descending parasympathetic preganglionic inputs, sympathetic efferents, and sensory afferent information (3). In the guinea pig model, the majority of these neurons are cholinergic (19) and likely represent postganglionic parasympathetic neurons. Additionally, these neurons could also be acting as cholinergic local circuit neurons (3) . Remodeling of this network with disease exerts profound effects on beat-to-beat modulation of regional cardiac function (3) . Remodeling of the IC plexus with chronic MI includes an enhanced sensitivity to NE and a reduced response to ANG II (14) . Prior research from our group has also shown that ANG II mediates direct effects on these neurons via AT 2 receptors to potentiate both adrenergic and muscarinic responses (9) . The hypothesis for this study was that chronic alterations in ANG II synthesis or receptor stimulation would alter the IC neuronal remodeling following MI. Specifically, we hypothesized that drugs that would increase the relative stimulation of AT 2 vs. AT 1 receptors would reverse the alterations in IC neuronal responses to ANG II and/or NE following MI.
MATERIALS AND METHODS
Animals. Nine-week-old, male Hartley guinea pigs (Charles River), weighing between 500 and 650 g, were used in these studies. Animals of the same age and weight were used as controls. All procedures were approved by the Institutional Animal Care and Use Committees of East Tennessee State University and Ithaca College and were in accordance with the Guide for the Care and Use of Laboratory Animals (National Academy Press, Washington DC, 2010).
Induction of chronic myocardial infarction. MI was induced in a total of 32 animals by surgical ligation of the ventral descending coronary artery just distal to its first diagonal branch, as previously described (13) . This procedure produces an infarct region equivalent to ϳ7-8% of the left ventricular tissue (13) . Animals were treated with appropriate analgesics postoperatively and allowed to recover for ϳ7 wk.
Drug treatments. For chronic drug treatment, animals were anesthetized and surgically implanted with an Alzet osmotic pump (2ML4) under the skin (14) 1 wk after the MI surgery. The pumps contained either 3 mg·kg Ϫ1 ·day Ϫ1 of captopril (n ϭ 6), 3 mg·kg Ϫ1 ·day Ϫ1 of losartan (n ϭ 6), or 0.14 mg·kg Ϫ1 ·day Ϫ1 of CGP 42112A (n ϭ 8). Pumps were replaced after 3 wk, for a total drug treatment time of 6 wk. A subset of control animals were surgically implanted with pumps containing either captopril, losartan, or CGP 42112A (n ϭ 6 for each condition), as described above, and maintained for 3 or 4 wk. Previous studies (14) found no effect of sham MI surgery coupled with pump implantation (no drug) on intrinsic neuronal properties or responses to modulators, such as NE, bethanechol, or ANG II, so these experiments were not repeated.
Terminal experiments. Guinea pigs were euthanized by CO 2 inhalation and exsanguination. The heart was removed and placed into ice-cold Krebs-Ringer solution (in mM: 121 NaCl, 5.9 KCl, 2.5 CaCl 2, 1.2 MgCl2, 1.2 NaH2PO4, 25 NaHCO3, 8 glucose, aerated with 95% O 2-5% CO2 for a pH of 7.4). The cardiac plexus, located in the epicardium of the atria and underlying the area of the coronary sinus, was dissected as previously described (11) . The tissue was pinned to a Sylgard-lined 60-mm Petri dish and continuously superfused (6 -8 ml/min) with 35-37°C Krebs Ringer. NE (Sigma, 10 Ϫ3 M) and bethanechol (a muscarinic agonist, Sigma, 10 Ϫ3 M) were applied by local pressure ejection (6 -9 psi; Picospritzer, General Valve) through small-tip diameter (5-10 m) glass micropipettes positioned 50 -100 m from the individual neuron. For multiple tests of responses in the same cell, the cells were allowed to wash (via the circulating Krebs solution) for several minutes between applications, until the responses returned to control levels. ANG II was applied by inclusion in the circulating bath solution (100 nM, Sigma) and was applied for a total of 3-5 min. Losartan (1 M) alone, or in combination with ANG II, was also applied by inclusion in the bath solution for some studies.
Electrophysiological methods. Intracellular voltage recordings from intracardiac neurons were obtained with an AxoClamp 2B amplifier (Axon Instruments) from cells impaled with 2 M KCl-filled microelectrodes (40 -80 M⍀), as previously described (13) . Input resistance was determined with small 0.1-or Ϫ0.1-nA pulses (500 ms), and single action potentials were stimulated with short, depolarizing pulses (0.3-0.9 nA, 5 ms).
Neuronal soma excitability was monitored by observing the response to a series of long depolarizing current pulses (0.1-0.6 nA, 500 ms). The number of evoked action potentials (APs) vs. stimulus intensity was determined to assess relative changes in excitability.
For each cell, following characterization of the basic electrophysiological properties, induced changes in evoked AP frequency were assessed immediately following a 1-2-s application of NE. Changes in frequency/intensity curves (both the amplitude of the responses and the slope of the curves) were determined to assess relative druginduced changes in excitability.
To assess synaptic efficacy, an extracellular electrode (concentric bipolar electrode) was placed on nerve fiber bundles leading to the ganglion containing the neuron of interest. Stimuli (1.5 ms, 0.1-10 V) were first given at a frequency of 0.5 Hz to elicit an orthodromic action potential from the intracardiac neuron. Orthodromic responses were determined either by the ability to generate a subthreshold response or by the presence of sufficient time delay between the stimulus artifact and the neuronal response, since it was not possible to obtain subthreshold excitatory postsynaptic potentials in all cells. Suprathreshold stimuli were then given in 2-s trains at frequencies of 10, 20, and 30 Hz, and the number of action potentials produced by the neuron of interest was determined.
Western blot analysis. Tissue samples of the cardiac plexus were frozen in liquid nitrogen after the completion of the electrophysiological studies. Tissues were homogenized in lysis buffer containing 1% SDS and Mini Complete Protease inhibitor (Roche). Samples (40 g of protein) were loaded onto 4 -12% gels for electrophoresis, and the proteins were then transferred to polyvinylidene difluoride membranes. Blots were stained with antibodies to AT1 receptors (1:200; Santa Cruz), AT2 receptors (1:1,000; Alomone Labs), and glyceraldeyde-3-phosphate dehydrogenase (1:10,000; GAPDH, Millipore). Antibody staining was visualized with HRP-linked species-specific secondary antibodies (1:10,000; GE Healthcare) and chemiluminescent substrate [Luminata Forte (Millipore) or SuperSignal (Thermo Scientific)]. Blots were stripped with Restore (Thermo Scientific) for 15 min between antibody probes. Results were analyzed with ImageJ. The density of AT 1 and AT2 receptor bands was normalized to GAPDH levels, and all samples were normalized to values from control tissues within the same blot.
Statistical analysis. Values are expressed as the means Ϯ SE. All statistical analyses included an initial Shapiro-Wilk test for normal distribution. Normally distributed data were then analyzed by ANOVA or ANOVA with repeated measures (if the data included multiple tests on a given cell). If the data were not normally distributed, Friedman's repeated-measures ANOVA on ranks was used for measurement of different treatments in a single cell, followed by post hoc comparisons with Holm-Sidak or Dunn's post hoc tests. For comparisons of treatments between different animals, Kruskal-Wallis ANOVA on ranks was used with appropriate post hoc nonparametric analysis. In all cases, a P value Ͻ0.05 was considered significant.
RESULTS

Effects of ANG II modulators in healthy animals.
Since alterations in ANG II synthesis or receptor stimulation could alter neuronal responses in healthy animals, guinea pigs were implanted with Alzet osmotic pumps containing either captopril (ACE inhibitor; n ϭ 6 animals), losartan (AT 1 receptor antagonist; n ϭ 6), or CGP 42112A (AT 2 receptor agonist; n ϭ 6) and were maintained for 3 or 4 wk prior to experimentation. Previous studies (14) showed that implantation of empty pumps, in either control or sham MI surgery, had no effect on neuronal responses. Intracellular voltage recordings were obtained from individual neurons in whole-mount preparations of the cardiac plexus. A total of ϳ100 neurons were sampled from control preparations (n ϭ 20 animals) and ϳ30 neurons each from losartan-, captopril-, and CGP 42112A-treated preparations. Resting membrane potentials, input resistance, and single action potentials were monitored, and no significant differences were found among the different treatments compared with untreated animals (data not shown). The average resting membrane potentials among the different treatments was Ϫ47.8 mV Ϯ 1.7 (means range from Ϫ45.4 mV to Ϫ50.6 mV for the different groups). Neuronal excitability was assessed by examining the frequency of action potentials produced by increasing stimulus intensities both prior to and then following a brief application of NE or bethanechol. Chronic drug treatments did not alter neuronal excitability in the absence of NE application (baseline, Fig. 1A) . Following NE or bethanechol application, there was an increase in both the number of action potentials produced with increasing stimulus intensities and an increase in the slope of the frequency/ intensity (F/I) curves for all treatments. There were no differences in the responses between the different treatments and control tissues (Fig. 1, B and C) .
Effects of ANG II modulators following MI. Myocardial infarction was induced in guinea pigs by ligation of the descending coronary artery. Previous research found that this intervention produces an infarct that corresponds to ϳ8% of the left ventricular tissue (13) . The neurons of the cardiac plexus used in this study are located primarily in the left atrium, in an area not directly impacted by the infarction. A total of ϳ50 neurons were sampled from MI preparations (n ϭ 10 animals), and ϳ30 neurons, each, were sampled from MI preparations treated with captopril (n ϭ 6 animals), losartan (n ϭ 6 animals), or CGP42112A (n ϭ 6 animals). Neurons from animals treated with captopril, losartan, or CGP 42112A following MI showed no changes in passive membrane properties or single action potentials (data not shown). Additionally, there was no change in the baseline excitability in neurons from control, MI, and MI with drug treatments. Previous studies demonstrated that chronic MI induces an increased sensitivity to NE in the F/I curves (14) . This result was confirmed in the present study ( Fig. 2A) . In animals treated with captopril, following MI, the increase in neuronal excitability with NE application was still seen (Fig. 2B) . In MI animals treated with AT 1 inhibitor losartan for 6 wk following MI, NE still increased neuronal excitability over baseline at the higher stimulus intensities (Fig. 2C) . Conversely, in MI animals treated with the AT 2 agonist CGP 42112A for 6 wk NE no longer produced a significant increase in neuronal firing over baseline controls (Fig. 2D) . These effects can be seen in both the slope of the frequency/intensity curve following NE application and the responses at higher stimulus levels (Fig. 2) .
Contrary to the changes in adrenergic sensitivity, there were no significant changes in the sensitivity to muscarinic agonists with chronic MI with or without drug treatment (Fig. 3) . Bethanechol significantly increases neuronal excitability, as shown previously (9) , but this response is not altered following MI and is likewise unaffected by angiotensin receptor modulation.
Confirming the results seen in previous studies (9) , in control animals, the addition of 100 nM ANG II to the circulating bath solution potentiated the NE-induced increase in neuronal excitability (Fig. 4) . Following MI, the addition of ANG II no longer produced a significant increase in the maximal NE response (Fig. 4A 1 ) . None of the treatments tested in this study restored the ANG II-induced potentiation of the NE response to levels seen in control tissues. In healthy animals treated with captopril, losartan, or CGP 42112A, the addition of ANG II to the bath circulation did not induce a significant increase in the NE-induced neuronal excitability, as it did in untreated animals ( Fig. 4A 2-4 ) . Similarly, following MI, there was no significant increase in the NE response in the presence of ANG II in MI animals treated with captopril, losartan, or CGP 42112A (Fig. 4A 2-4 ).
The effects of muscarinic receptor activation were also altered by some of the drug treatments. In control animals, bethanechol increases neuronal excitability, and the addition of ANG II to the bath further increases excitability (Fig. 4B 1 ) , as was seen previously (9) . These responses were unchanged with MI. Treatment of control animals with losartan or CGP 42112A did not alter the bethanechol responses (Fig. 4B 3-4 ) . However, the increase in excitability with ANG II was no longer seen in MI animals treated with these drugs. Treatment of either control or MI animals with captopril eliminated the ANG II potentiation under both conditions (Fig. 4B 2 ) .
Modulation of synaptic efficacy. Stimulation of fibers leading to intracardiac neurons with a focal extracellular electrode was used to monitor synaptic efficacy of the IC network. In both control and MI tissues, intracardiac neurons are able to fire action potentials in response to nerve fiber stimulation at frequencies up to ϳ6 -12 Hz (Fig. 5) . At higher frequencies, the postsynaptic neuron was not able to follow the input drive frequency. In animals treated with losartan following MI, there was a significant increase in the output frequency of intracardiac neurons at higher stimulus frequencies (Fig. 5) . A sample recording at the 20-Hz stimulus from an MI preparation and a losartan-treated MI preparation is shown in Fig. 6 . This increase in output frequency was not seen in healthy animals treated with losartan, nor in any of the animals treated with captopril or CGP 42112A (either control or MI).
Recent studies in rats demonstrated evidence for presynaptic AT 1 receptors that can reduce parasympathetic responses to vagal stimulation by inhibiting ACh release (28) . To test for the presence of this mechanism in guinea pigs, we determined the output frequency of intracardiac neurons from control animals with and without 100 nM ANG II in the bath solution.
The addition of ANG II to the bath solution reduced the number of action potentials with 20-Hz stimulation for 2 s (P Ͻ 0.05 by Friedman's ANOVA with repeated measures; Fig. 7 , n ϭ 12). When 1 M of losartan was added to the bath solution, the ability of ANG II to reduce synaptic efficacy was inhibited (Fig. 7, n ϭ 4) . Receptor protein expression. Western blot analysis of the expression of the AT 1 and AT 2 receptors in the cardiac plexus showed a significant decrease in the expression of both receptor subtypes following MI (Fig. 8) , with the reduction in AT 1 receptors greater than the reduction in AT 2 receptors. In control animals treated with losartan, the expression of AT 1 receptors was significantly increased over untreated controls (Fig. 8) . Neither captopril nor CGP 42112A treatments in control animals significantly altered protein expression levels. In MI animals, treatment with losartan, captopril, or CGP 42112A resulted in the return to control levels of expression for both AT 1 and AT 2 receptors, although the high variability in n.s. Fig. 2 . Neuronal excitability to NE following myocardial infarction (MI) is altered by ANG II modulators. F-I curves were determined in animals 7 wk after surgical MI with and without NE application in animals with MI alone (n ϭ 56 cells), or combined with 6 wk of treatment with captopril (n ϭ 32 cells), losartan (n ϭ 28 cells), or CGP42112A (n ϭ 42 cells). NE increases neuronal firing over baseline in both control and MI preparations (A; *P Ͻ 0.05 vs. control at that stimulus intensity). In addition, in MI animals, the effect of NE was significantly greater than NE in control animals at the higher stimulus intensities (A; #P Ͻ 0.05 vs. control NE at that stimulus intensity). The same MI with NE data are shown in B-D for comparison. There were no changes in baseline excitability (in the absence of NE) with the different drug treatment (control with drug vs. MI with drug, B-D). Captopril-treated MI animals showed the same increase in excitability with NE as untreated MI with NE (B; *P Ͻ 0.05 vs. captopril control at that stimulus intensity). With losartan treatment, NE still increased excitability over baseline in MI animals treated with losartan (C; *P Ͻ 0.05 vs. losartan control at that stimulus intensity). There was no significant difference between untreated MI with NE and losartan-treated MI with NE at any stimulus intensity. MI animals treated with CGP42112A no longer showed a significant increase in excitability with NE vs. CGP42112A controls (D; *P Ͻ 0.05 vs. CGP 42112A control at that stimulus intensity). Significant differences were determined by Kruskal-Wallis ANOVA on ranks for each stimulus intensity with nonparametric post hoc comparisons.
the density of the protein bands in both control and MI with captopril make it difficult to draw definitive conclusions for this drug treatment. Analysis of the ratio of AT 2 R/AT 1 R expression shows a significant decrease in the expression of AT 1 relative to AT 2 following MI (Fig. 9) . In control tissues, there is a relative 2:1 ratio of AT 2 receptors to AT 1 receptors. With MI, this ratio increases to almost 5:1. Conversely, these ratios returned to control levels with all three drug treatments in both control and MI animals (Fig. 9 ).
DISCUSSION
Myocardial infarction leads to increased sympathetic activity and increased stimulation of the RAS, leading to elevated NE release and increased levels of ANG II (18, 25, 27, 30) . The current study examined the effects of either inhibiting ANG II-generating enzymes, or altering stimulation of specific ANG II receptors during the remodeling phase following chronic MI in guinea pigs (12) . Specifically, we looked for alterations in the remodeling of neurons in the intrinsic cardiac plexus, since our previous studies have shown that chronic MI leads to an increase in neuronal responses to NE and a decrease in responses to ANG II (14) . Within the guinea pig intrinsic cardiac plexus, the majority of neurons are cholinergic (19) and are either postganglionic parasympathetic neurons or local circuit neurons (3). These neurons are primarily excited by stimulation of nicotinic receptors and also can be modulated by muscarinic receptor activation (1) . The presence of sympathetic postganglionic innervation of these neurons likely represents a local reflex circuit to provide rapid feedback of altered sympathetic activity (4) . NE acts as a neuromodulator on these cells, altering neuronal excitability to other stimuli, rather than producing direct action potential activity (14) . . Neuronal excitability to bethanechol following MI is unchanged by ANG II modulators. F-I curves were determined in animals 7 wk after surgical MI induction with and without bethanechol application in animals with MI alone (n ϭ 37 cells), or combined with 6 wk of treatment with captopril (n ϭ 25 cells), losartan (n ϭ 30 cells), or CGP42112A (n ϭ 37 cells). MI does not alter neuronal excitability with bethanechol application over control animals (A; *P Ͻ 0.05 vs. both control and MI control at that stimulus intensity). The same MI with bethanechol data is shown in B-D for comparison. None of the AT-related drug treatments produced any significant differences in bethanechol sensitivity vs. MI alone (*P Ͻ 0.05 vs. control at each stimulus intensity using Kruskal-Wallis ANOVA on ranks).
Similarly, ANG II also seems to act as a neuromodulator to alter the neuronal sensitivity to other neurotransmitters (15) . As a result, changes in neuronal activation of either AT 1 R or AT 2 R could lead to altered signal processing within the cardiac plexus. Since chronic heart disease induces upregulation in both NE release and ANG II production, this could result in significant alterations in signal regulation and output within the intrinsic cardiac nervous system. Overall, none of the drug treatments alone, the surgically induced heart disease, or the combination of the two, altered the passive membrane properties or basal firing levels of the intracardiac neurons. This suggests that any changes observed were due to changes in sensitivity to other chemical signals and/or changes in signal transduction mechanisms.
Inhibition of ACE by captopril did not alter the remodeling of intrinsic cardiac neurons following MI. The increased sensitivity to NE was still observed in the neurons, and there was no ANG II-induced potentiation of adrenergic or muscarinic responses in the MI animals treated with captopril for 6 wk. Although captopril inhibits ACE1, it does not affect the activity of other proteases, such as chymase, which have been shown to increase in cardiac tissues with MI (6, 22) . Thus, although the normal pathways for ANG II production are inhibited by captopril, the alternative pathways for generating ANG II are unaffected by drug treatment, and may be of greater importance in elevating local ANG II levels within the cardiac interstitium (6, 22) . This suggests that inhibition of ACE1 activity by captopril is insufficient to alter the effects of disease-induced increases in ANG II levels within the guinea pig cardiac plexus.
Several studies have highlighted the importance of the balance between stimulation of AT 1 and AT 2 receptors in response to heart disease (6, 23, 26, 30) . Studies of AT 1 receptor knockout or inhibition in combination with studies of AT 2 receptor knockout or upregulation all point toward better outcomes with chronic heart disease when there is an increase in AT 2 vs. AT 1 stimulation (5, 10, 17, 29 ). For the current study, we compared the effects on remodeling with either inhibition of AT 1 . Following MI, the response to NE was significantly increased over untreated animals (A1, **P Ͻ 0.05 vs. Control ϩ NE); however, the addition of ANG II no longer produced a significant increase (n ϭ 24 cells). In the untreated group, ANG II was still able to increase the response to bethanechol post-MI (n ϭ 16 cells, B1, #P Ͻ 0.05 vs. MI bethanechol alone). However, in animals treated with CGP 42112A (n ϭ 19 cells), captopril (n ϭ 12 cells), or losartan (n ϭ 12 cells, A2, A3, A4), the addition of ANG II no longer increased the NE response in either healthy animals or MI animals. The ability of ANG II to enhance the bethanechol response was retained in the control animals treated with losartan (n ϭ 15 cells) or CGP 421121A (n ϭ 18 cells, B2, B3), but not with captopril (n ϭ 13 cells, B4). Following MI, none of the drug-treated animals showed an increase in excitability with ANG II over control bethanechol levels. Significance was determined by Kruskal-Wallis ANOVA with nonparametric post hoc comparisons.
with losartan did not significantly alter neuronal sensitivity to NE or restore the sensitivity to ANG II. However, losartan treatment following MI enhanced synaptic efficacy within the IC neural network. This enhanced synaptic function is not seen in control animals treated with losartan, or in untreated MI animals. Previous studies in a pressure overload model of chronic heart disease in guinea pigs (14) did show an increase in synaptic function. The pressure overload model also showed evidence of pulmonary edema and may indicate that chronic changes in synaptic function correlate with advanced cardiac disease. In agreement with a recent study in rats (28), we found evidence for presynaptic AT 1 R inhibition of IC synaptic function in the normal guinea pig. In control animals, the addition of ANG II to the bath solution resulted in a significant decrease in the number of action potentials produced with nerve fiber stimulation. The addition of losartan to the bath solution prevented this decrease. Our analysis of AT 1 expression in the cardiac plexus showed a significant decrease in this receptor following MI. The elevation in cardiac ANG II levels with MI may induce a decrease in AT 1 expression to prevent excessive inhibition of ganglionic function with the chronic elevation of ANG II. In addition, with the increased sympathetic efferent activity following MI, other changes within the ganglion may develop to retain normal synaptic output. With losartan treatment, downregulation of the AT 1 R is inhibited along with activation of these receptors by circulating ANG II. Thus, the balance of inputs to the ganglion may be altered without a compensatory change in presynaptic AT 1 receptors. This could result in an overall imbalance of inputs resulting in the observed increase in synaptic efficacy with MI and losartan treatment. In contrast, stimulation with AT 2 agonists or inhibition of ACE would not alter AT 1 R stimulation, so the synaptic efficacy would be unchanged in these animals. Further experiments are needed to identify the specific changes in neural inputs within the ganglion induced with chronic heart disease.
Stimulus Frequency (Hz) . Nerve fibers leading to the neurons were stimulated with a 2-s train at increasing frequencies. In healthy animals, the output from neurons was similar with and without drug treatment, producing a maximal output frequency of ϳ6 -12 Hz. In MI animals, this output frequency was similar, except in MI animals treated with losartan. In losartan-treated MI animals, the neurons showed a significant increase in output frequency as the stimulus frequency increased (*P Ͻ 0.01, **P Ͻ 0.001 by ANOVA). Chronic stimulation of AT 2 receptors following MI prevented the increase in neuronal sensitivity to NE. With CGP 42112A treatment in MI animals, the soma excitability response to NE remained at control levels. This suggests that the increase in NE sensitivity is prevented by increased AT 2 receptor activation. In MI animals treated with losartan, NEinduced excitability was still elevated over control levels, but it was consistently lower than that seen in untreated MI preparations. Other research has suggested that inhibition of AT 1 receptors leads to an increase in the levels of ANG II, which then leads to an increase in AT 2 receptor stimulation (30) . In this case, the indirect increase in AT 2 receptor stimulation may not have been sufficient to completely inhibit the change in NE sensitivity, but did show a trend in that direction. Again, inhibition of ACE would not alter the relative balance of AT 1 to AT 2 receptor stimulation and, thus, did not alter NE sensitivity. It is unclear at this point how increased AT 2 activation with CGP 42112A leads to an inhibition of the increase in NE sensitivity. However, it is known that chronic treatment with AT 2 agonists leads to increases in AT 2 R expression (16) . Our analysis of AT 2 R expression demonstrated that CGP 42112A treatment restored receptor expression back to control levels in MI animals. Thus, if stimulation of AT 2 receptors can reduce the NE effects, treatments with AT 2 agonist could amplify this response. Future studies will need to determine the specific mechanisms that underlie the enhanced NE responses to understand the mechanisms that control neuronal remodeling. The relative protein expression levels of AT1R and AT2R were determined by Western blot analysis from homogenates of cardiac plexus samples. The images are from the same blots labeled with antibodies to AT1R, AT2R, and GAPDH. Not all lanes from the blots are shown, and the white lines indicate regions of the blot that were rearranged for clarity. The graphs show the quantification of relative density from several blots. Each sample was run on at least two different blots for technical replicates. The means of technical replicates were then averaged for each treatment (Control: n ϭ 5, MI: n ϭ 6, all other conditions: n ϭ 3). The sizes of the bands observed were consistent with predicted sizes (AT1R ϳ43 kDa, AT2R ϳ48 kDa, GAPDH ϳ38 kDa) with no other major bands present on the blots. Individual band densities were quantified with ImageJ and normalized to GAPDH levels for that sample. Within each blot, values were normalized to control levels of each receptor. The levels of both AT1R and AT2R were significantly reduced with MI (*P Ͻ 0.05, **P Ͻ 0.01 vs. Control by ANOVA). Losartan treatment in control animals results in a significant increase in AT1R expression over controls (#P Ͻ 0.05 vs. Control by ANOVA). . Changes in AT2R/AT1R ratios with MI. The ratio of AT2R/AT1R was determined (using values normalized to GAPDH) for each treatment. MI resulted in a significant increase in the relative abundance of AT2R vs. AT2R (*P Ͻ 0.01 by ANOVA). All drug treatments, either in control or MI animals, resulted in an AT2R/AT1R ratio equivalent to control ratios.
Perspectives and Significance
This study supports the growing evidence for the role of angiotensin receptors in the autonomic remodeling process that follows myocardial infarction. Current therapies for chronic heart disease often include ACE inhibitors and AT 1 antagonists (8). These pharmacotherapies have been shown to reduce some of the negative symptomology associated with these disorders. This study expands our understanding of the effects of these clinical treatments on other tissues that may impact the overall cardiac function, specifically the intrinsic cardiac nervous system. In the case of the guinea pig intrinsic plexus, ACE inhibitors appeared to have little effect on neuronal function, while direct inhibition (losartan) or activation (CGP 42112A) of ANG II receptors produced significant changes in intracardiac neuronal function. As has been shown in other systems, it is the relative balance between AT 1 and AT 2 receptor activation that determines the overall outcome with chronic heart disease. In the case of remodeling within the guinea pig cardiac plexus, the current study demonstrates that regulation of presynaptic AT 1 receptors can modulate synaptic efficacy in the cardiac nervous system. In addition, increased stimulation of AT 2 receptors can prevent the upregulation in adrenergic sensitivity of the intrinsic cardiac neurons produced with myocardial infarction. Changes in synaptic processing may be important in determining reflex stimulation of parasympathetic output. Taken together, these results demonstrate the importance of balancing the stimulation of AT 2 vs. AT 1 receptors as we develop more effective treatments for chronic heart disease.
